The requirements for life on Earth, its elemental composition, and its environmental limits provide a way to assess the habitability of exoplanets. Temperature is key both because of its influence on liquid water and because it can be directly estimated from orbital and climate models of exoplanetary systems. Life can grow and reproduce at temperatures as low as −15°C, and as high as 122°C. Studies of life in extreme deserts show that on a dry world, even a small amount of rain, fog, snow, and even atmospheric humidity can be adequate for photosynthetic production producing a small but detectable microbial community. Life is able to use light at levels less than 10 −5 of the solar flux at Earth. UV or ionizing radiation can be tolerated by many microorganisms at very high levels and is unlikely to be life limiting on an exoplanet. Biologically available nitrogen may limit habitability. Levels of O 2 over a few percent on an exoplanet would be consistent with the presence of multicellular organisms and high levels of O 2 on Earth-like worlds indicate oxygenic photosynthesis. Other factors such as pH and salinity are likely to vary and not limit life over an entire planet or moon.
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extremophiles | Mars | astrobiology T he list of exoplanets is increasing rapidly with a diversity of masses, orbital distances, and star types. The long list motivates us to consider which of these worlds could support life and what type of life could live there. The only approach to answering these questions is based on observations of life on Earth. Compared with astronomical targets, life on Earth is easily studied and our knowledge of it is extensive--but it is not complete. The most important area in which we lack knowledge about life on Earth is its origin. We have no consensus theory for the origin of life nor do we know the timing or location (1) . What we do know about life on Earth is what it is made of, and we know its ecological requirements and limits. Thus, it is not surprising that most of the discussions related to life on exoplanets focus on the requirements for life rather than its origin. In this paper we follow this same approach but later return briefly to the question of the origin of life.
Limits to Life
There are two somewhat different approaches to the question of the limits of life. The first approach is to determine the requirements for life. The second approach is to determine the extreme environments in which adapted organisms-often referred to as extremophiles-can survive. Both perspectives are relevant to the question of life on exoplanets.
It is useful to categorize the requirements for life on Earth as four items: energy, carbon, liquid water, and various other elements. These are listed in Table 1 along with the occurrence of these factors in the Solar System (2). In our Solar System it is the occurrence of liquid water that appears to limit the occurrence of habitable environments and this appears to be the case for exoplanetary systems as well.
From basic thermodynamic considerations it is clear that life requires a source of energy. To power metabolism and growth, life on Earth uses only one energy source: that associated with the transfer of electrons by chemical reactions of reduction and oxidation. For example, methane-producing microbes use the reaction of CO 2 with H 2 to produce CH 4 . Photosynthetic organisms use a lightabsorbing protein, such as chlorophyll, bacteriochlorophylls, and bacteriorhodopsin, to convert photon energy to the energy of an electron which then completes a redox reaction. The electrons from the redox reaction are used to create an electrochemical gradient across cell membranes (3) . This occurs in the mitochondria in of most eukaryotes and in the cell membrane of prokaryotic cells. It has recently been shown that electrons provided directly as electrical current can also drive microbial metabolism (4) . Although life can detect and generate other energy sources including magnetic, kinetic, gravitational, thermal gradient, and electrostatic, none of these is used for metabolic energy.
Carbon has the dominant role as the backbone molecule of biochemistry for Earth life and is widespread in the Solar System. However, the abundance of carbon may not be a useful indication of the habitability of an exoplanet. This is illustrated in Fig. 1 , which shows that the Earth is significantly depleted in carbon compared with the outer Solar System. The vast majority of the carbon on Earth is stored in sedimentary rocks within the crust. However, because light carbon-containing molecules are volatile--CO 2 , CO, and CH 4 --adequate carbon is present at the surface of the Earth, as well as Mars and Venus.
Life on Earth uses a vast array of the elements available on the surface in addition to carbon. However, this does not prove that these elements are absolute requirements for carbon-based life in general. Other than H 2 O and C, the elements N, S, and P are probably the leading candidates for the status of required elements. Table 2 , adapted from Davies and Koch (5), lists the distribution of elements in the cosmos and on the Earth and compares these with the common elements in life--represented by humans and the bacterium Escherichia coli. If liquid water and biologically available nitrogen are present, then phosphorous, potassium, sodium, sulfur, and calcium might come next on a requirements list, as these are the next most abundant elements in bacteria. However, there is no definitive list and any list would depend on the organism considered; for example habitability for methanogens requires high nickel levels (6) . In a strict sense habitability can only be confirmed by showing inhabitation; no list is conclusive. Of these secondary elements N is probably the one most likely to be in question on an
Significance
Our understanding of life on exoplanets and exomoons must be based on what we know about life on Earth. Liquid water is the common ecological requirement for Earth life. Temperature on an exoplanet is the first parameter to consider both because of its influence on liquid water and because it can be directly estimated from orbital and climate models of exoplanetary systems. Life needs some water, but deserts show that even a little can be enough. Only a small amount of light from the central star is required to provide for photosynthesis. Some nitrogen must be present for life and the presence of oxygen would be a good indicator of photosynthesis and possibly complex life. exoplanet, as is discussed below. Sulfur and phosphorous and virtually all of the rest of the elements listed by Davies and Koch (5) as used in life have major refractory phases at the temperatures of liquid water and should be available if water and rock interact.
The second approach to the requirements for life is that based on the abilities of extremophiles in a range of environmental factors. Table 3 lists the limits of life under extreme conditions. Our understanding of the requirements for life listed in Table 1 has not changed for many years. In contrast, the limits of life listed in Table 3 have changed in several significant ways over the past few decades. If one compares a list of the limits of life from a few decades ago (7) with Table 3 , the most notable change is in the high-temperature limit. This has been raised from 80°C to 122°C (8) . There has been considerable discussion on the limits of life and their application to the search for life on other worlds (9-11) and it has been realized that the limits vary when organisms face multiple extreme conditions at the same time (12) .
Whereas the limits of life have changed in some ways over the past few decades, there has been a more radical change in our appreciation of where microbial ecosystems can be found. Notable examples of the discovery of unexpected microbial ecosystems include endolithic microorganisms in the Antarctic cold desert (13), hot deep-sea vents (14) , cool deep-sea vents (15) , deep in basalt (16) , deep below the subsurface (17) , and in an ice-covered Antarctic lake that has been sealed for thousands of years (18) . Several aspects of these recently discovered ecosystems are worth comment: first, the organisms found are not alien and map in expected areas of the tree of life; second, with the exception of the high-temperature vents, the organisms do not greatly extend the limits of life derived from more mundane and accessible ecosystems; third, the organisms themselves do not find these unusual environments extreme and typically are well adapted to the conditions under which they live; and fourth, the organisms in these environments do not in general control the physical environment (temperature and pressure) with their own metabolic activity but rather live in locations where the local physical conditions are suitable even when these environments are nestled within larger inhospitable areas. The lesson to be learned from these discoveries is that microbial life is extremely adept at locating places to live, and we have not been adept at anticipating how small environments can be habitable in otherwise barren locations: microbial life is more clever than we are. This is a factor that should inform our consideration of habitability of exoplanets.
Strategy for Exoplanets
Given the general requirements for life (Table 1) , the elemental composition of life (Table 2) , and the environmental limits for life (Table 3) , we can consider how to assess the habitability of the environment on an exoplanet. It may seem logical to focus on primary production because without that there cannot be an ecosystem. However, it is possible that photochemical processes in an exoplanet atmosphere play the role of primary production as has been suggested for Titan (19) . Many of the limits to life in Table 3 such as pH and salinity are unlikely to be extreme over an entire world. As on Earth they would shape the distribution of life on a world but not its possible occurrence and are therefore not considered further. The key parameters that could be extreme over an entire world and the order in which they may limit any life on an exoplanet are listed in Table 4 .
The most important parameter for Earth-like life is the presence of liquid water, which directly depends on pressure and temperature. Temperature is key both because of its influence on liquid water and because it can be directly estimated from orbital and climate models of exoplanetary systems. We can consider the cold and hot limits.
Temperature, Cold Limit. Many organisms can grow and reproduce at temperatures well below the freezing point of pure water because their intracellular material contains salts and other solutes that lower the freezing point of the solution. Recently, Mykytczuk et al. (20) reported an isolate from Arctic permafrost that grows and divides at −15°C, the lowest temperature demonstrated to date, and is metabolically active at −25°C in frozen soils. Thin films of water at the interface between ice and soil grains, augmented by any solutes, provide adequate water for life at these low temperatures (20, 21) . The snow algae Chlamydomonas nivalis thrives in liquid water associated with snow, coloring it red, but the algae are the beneficiaries of external processes that melt the snow (22, 23) . Microbial activity can generate sufficient heat in permafrost soils (and landfills and composts) such that it is a major contributor to melting (24, 25), but there is no known occurrence of an organism using metabolic energy coupled directly, e.g., through enzymes, to overcome the latent heat of fusion of ice thereby liquefying it.
Temperature, Hot Limit. Many of the exoplanets discovered to date have high surface temperatures and hence the high-temperature limit of life is of particular interest. Takai et al. (8) showed growth, survival, and methane production by a methanogen at 122°C where the high pressure (20 MPa, ∼200 atmospheres) stabilized the liquid water. At higher pressure water can be liquid at even higher temperatures. However, as water is heated and maintained as a liquid under pressure, the dielectric constant and the polarity of the liquid decreases sharply, thus significantly changing its characteristics as a solvent and its interaction with dissolved biomolecules, in particular lipids, but also proteins and nucleic acids. At 200°C the dielectric constant is about half of the room temperature value (26) . It is likely that the destabilization of lipid bilayers as they become soluble in the lower dielectric constant water is what sets the high-temperature limit on life. It is therefore perhaps not surprising that the organisms that can survive the highest temperatures are archaea (8, 27) , as their membrane lipids are held together with ether bonds, which are chemically more resistant than ester bonds, which are used in the membranes of nonarchaea. Denaturing of proteins with temperature appears also to play a role (28) . Hot water in contact with rocks can be efficient in generating or recycling redox couples--this has been suggested for the interior of Enceladus (29) . Such ecosystems provide a compelling example of possible life below the ocean of an exoplanet or exomoon and can even be productive enough to support multicellular life--in the presence of an O 2 -rich environment. Fig. 2 shows a crab at the Lost City hydrothermal vent.
Water, Dry Limit. On worlds where the temperature is within the range discussed above, life may be limited by the availability of water; Mars is an example of this. Thus, the dry limit of life is of interest. In dry environments phototrophs seek shelter and water retained in, and below, rocks. Fig. 3 shows photosynthetic cyanobacteria and lichens from several dry deserts. Fig. 3A shows endolithic cyanobacteria which live just below the surface of halite rocks in the dry core of the Atacama Desert (30) . The water to support their growth comes from absorption of atmospheric moisture by the deliquescence of the salt (31) . Fig. 3B shows the green biofilm of cyanobacteria that live beneath translucent rocks in many deserts surviving on as little as a few days of rain or fog each year (32) (33) (34) . The example shown is from an unusual carbonate rock from the Mojave Desert that is clear inside but covered with a red coating (35, 36) . Fig. 3C shows lichen forming a green and black layer inside sandstone from the Dry Valleys of Antarctica, which obtain water from melting of occasional snow (37, 38) . These examples show that a small amount of rain, fog, or snow and even atmospheric humidity can be adequate for photosynthetic production producing a small but detectable microbial community.
Energy. Energy for life can come from chemical redox couples generated by geothermal processes or light from the central star. Geothermal flux can arise from (i) the planet cooling off from its gravitational heat of formation, (ii) decay of long-lived radioactive elements, or (iii) tidal heating for a close-orbiting world or moon. Note that on Earth only a tiny fraction of the geothermal heat is converted into chemical energy, whereas about half the solar flux occurs at wavelengths that are usable for photosynthesis. This is expected as the free energy available in heat flow is much less than that available in low-entropy photons. The example of Earth indicates that a biosphere can have effects on a global scale, and hence be detectable over interstellar distances, only when it is powered by light. Life based on geothermally derived chemical energy would, by dint of energy restrictions, always remain small and globally insignificant. Life is able to use light at very low levels. ). Even at the orbit of Pluto, light levels exceed this value by a factor of ∼100. It has been suggested that exoplanets around M stars--a common star type which radiates more in the Over 0.01 atmospheres need to support complex life infrared compared with the Sun--could support photosynthesis using a three-or four-photon mechanism photon instead of the two-photon system used in plants on Earth (41).
UV and Radiation. Complex life forms (such as humans) are sensitive to radiation but the dose that can be tolerated by many microorganisms is astonishingly high given natural levels of radiation in the environment. Table 3 lists the tolerances and acute dose survival for Deinococcus radiodurans, a well-studied soil heterotroph with high radiation tolerance (42) . It has been suggested that the high radiation tolerance of D. radiodurans is due to adaptation to dehydration stress (43) . Desert cyanobacteria of the genus Chroococcidiopsis (shown in their characteristic hypolithic growth form in Fig. 3B ) are extremely resistant to desiccation, ionizing radiation, and UV (44, 45 ). An exoplanet would not require a magnetic field to be habitable. Any plausible field would not deflect galactic cosmic rays because these particles are much too energetic. These particles are primarily stopped by the mass of the atmosphere or surface materials. The column mass Earth's atmosphere is equivalent to 1 kg/cm 2 . The Earth's magnetic field does deflect solar protons channeling these particles to the polar regions creating the aurora. However, even without the magnetic field these particles would not penetrate the Earth's atmosphere and would not reach the surface. Earth occasionally loses its strong dipole field during field reversals. These events are not correlated with extinctions in the fossil record.
Nitrogen. Life requires a source of nitrogen. After carbon, nitrogen is arguably the most important element needed for life (46) . Experiments have shown that aerobic microorganisms require a minimum of 1-5 × 10 −3 atmospheres N 2 for fixation (47) . A variety of energetic processes such as aurorae, lightning, and volcanoes can convert N 2 to nitrate even in CO 2 atmospheres (48). In the reducing conditions of the outer Solar System N is present as ammonia which is also biologically usable. The biological availability of nitrogen in an important factor in the assignment of habitability for Mars (49, 50) .
Multicellular life on Earth generally relies on oxygen metabolism, and the rise of multicellular life over Earth history tracked the rise of oxygen (51) . There are interesting exceptions to the connection between oxygen and multicellular life (52, 53) and the link to O 2 may be in need of further scrutiny (54) . Nonetheless, levels of O 2 over a few percent on an exoplanet would be consistent with, and possibly indicative of, the presence of multicellular organisms. Owen (55) suggested that O 2 and O 3 would be suitable targets for spectroscopy in the search for evidence of life on exoplanets and exomoons. It is generally agreed that high levels of O 2 on Earth-like worlds indicate photosynthesis.
Origin of Life
Discussions of life on an exoplanet should logically begin with a consideration of the possible origin of life on that world. However, our understanding of the origin of life is speculative and so we can only assume that planets that have a diversity of habitable environments are also generative of life (1) .
As shown in Fig. 4 , it is useful to divide theories for the origin of life on Earth into two main categories, depending on whether life originated independently on a world or was carried to that world from somewhere else (1) . The latter category is usually called panspermia, and versions that involve both natural and directed panspermia have been considered (1) .
There are possible panspermia schemes that are relevant to exoplanets. Napier (56) has proposed that life could be carried on dust between stars (see also ref. 57) , and others have suggested rocks could travel between star systems (58, 59) . If such dust grains or rocks were incorporated into the preplanetary nebula, then every planet and moon that formed would be infected with life.
Theories for the origin of life that propose that life on Earth began on Earth are labeled as "Terrestrial" in Fig. 4 and could apply to suitable exoplanets as well. A key question for life on exoplanets is how long the habitable conditions--liquid water--must persist for life to begin. The fossil record on Earth provides only broad constraints on how long it took for life to start on this planet. Simulations of the formation of Earth suggest that habitable conditions were present no sooner than 3.9 billion y ago. The earliest indication of possible life is present in the carbon isotope record at 3.8 billion y ago (60, 61) , and convincing evidence of life is present at 3.4 billion y ago (62) . Thus, the origin of life occurred within 100-500 million y after the formation of Earth. This is only an upper limit, however, and the process may have been much faster. In a review of this question, Lazcano and Miller (63) suggested that "in spite of the many uncertainties involved in the estimates of time for life to arise and evolve to cyanobacteria, we see no compelling reason to assume that this process, from the beginning of the primitive soup to cyanobacteria, took more than 10 million years." However, Orgel (64) criticized this conclusion and stated that we do not understand the steps that lead to life; consequently, we cannot estimate the time required: "Attempts to circumvent this essential difficulty are based on misunderstandings of the nature of the problem." Thus, until new data are obtained the problem of origin of life remains unsolvable.
Titan Life
In the previous sections, the considerations of life on exoplanets have centered on Earth-like life requiring liquid water. This is certainly a reasonable starting point in the search for life. However, it may be that liquids other than water are also suitable media for carbon-based life forms. Benner et al. (65) first suggested that the liquid hydrocarbons on Titan could be the basis for life, playing the role that water does for life on Earth. Those researchers concluded that in many senses, hydrocarbon solvents are better than water for managing complex organic chemical reactivity. There is also suitable redox energy available for life. Organic molecules on the surface of Titan (such as acetylene, ethane, and solid organics) would release energy if they reacted with hydrogen present in the atmosphere forming methane (19, 66) . Acetylene yields the most energy. However, all these reactions are kinetically inhibited and thus could be used by biology if suitable catalysts were evolved. Based on this, McKay and Smith (19) predicted that a sign of life on a Titan-like world would be a depletion of hydrogen, acetylene, and ethane. Lunine (67) suggested that Titan-like worlds and moons might be more common in the galaxy than Earth-like worlds. Gilliam and McKay (68) showed how Titan-like worlds orbiting M-type stars could maintain liquid methane and ethane surface reservoirs.
Titan is an example moon that is of interest with respect to astrobiology. In our Solar System Europa and Enceladus are similarly of interest. Indeed, Enceladus seems to have all of the requirements for habitability (69) . It has long been recognized that moons of giant planets may be warmed by tidal heating from the primary planet and receive sufficient light from a central star to power photosynthesis (70) . This provides a model for possible habitable moons orbiting giant exoplanets (71) .
Conclusion
As the number of known exoplanets and exomoons expands we will certainly find worlds that resemble the Earth to varying extent. Based on our understanding of life on Earth we can present a checklist for speculating on the possibilities of life on these distant worlds. (i) Is the temperature between −15°C and 122°C, and a total pressure high enough to keep water liquid water stable (P > ∼0.01 atmospheres)? (ii) If the world is arid, are there at last a few days per year of rain, fog, snow, or RH > 80%? (iii) Are there adequate light or geothermal energy sources--light determined by distance from the star, geothermal energy estimated by bulk density? (iv) Are the UV and ionizing radiation below the (very high) limits of microbial tolerance? (v) Is there a biologically available source of nitrogen? (vi) If O 2 is present at over 0.01 atmospheres there could be complex life, and the presence of O 2 is convincing indicator of photosynthetic life on Earth-like worlds. 
